H epatocellular carcinoma (HCC) is currently the third most common cause of cancerrelated death worldwide. (1) For HCC patients, the curative treatment options are limited to surgical resection and radiofrequency ablation, (2) whereas noncurative treatment options include transarterial chemoembolization for intermediate-stage disease (3) and sorafenib for advanced-stage disease and result in only a 2.8-month improvement in overall survival. (4) Therefore, new therapies are desperately needed for this deadly disease.
Immune checkpoint blockade therapy for programmed cell death 1 and its ligand (PD-1/PD-L1; also B7-H1) immune checkpoint blockade therapy has shown unprecedented response rates and has provided unparalleled clinical benefits in the treatment of human malignancies, including non-small cell lung cancer, melanoma, and renal cell cancer. (5, 6) The US Food and Drug Administration
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approved nivolumab (anti-PD-1 antibody) and pembrolizumab (anti-PD-1 antibody) for advanced melanoma, which is refractory to other drugs, in 2014; nivolumab for advanced squamous cell non-small cell lung cancer, which is refractory to other drugs, and renal cell carcinoma in 2015 (7) ; and atezolizumab (anti-PD-L1 antibody) for advanced bladder cancer as a second-line drug. In xenografted and genetically engineered orthotopic HCC models, antibody blockade of PD-1 has been found to have therapeutic effects. (8) In another transgenic model of cMyc-induced HCC, the combination of three immunostimulatory monoclonal antibodies (anti PD-L1, anti-cluster of differentiation 137 [CD137], and anti-Ox40) has been found to result in tumor regression. (9) In advanced HCC patients, nivolumab is being assessed in a phase 1 dose-escalation clinical trial. (10) PD-1 expressed on T cells binds to its ligands PD-L1 (B7-H1 or CD274) (11) and PD-L2 (B7-DC or CD273), (12) which are expressed on antigenpresenting cells and hematopoietic and nonhematopoietic cells, (13) and attenuates downstream signals of T-cell receptor stimulation, thus resulting in reduced activation of T-cell and cytokine production and decreased tumor-killing ability. (14, 15) Natural killer cells and B cells also express PD-1, (16) thereby leading to the restriction of their effector functions. (17) Thus, PD-1 blockade enhances the antitumor immune response of immune cells in the tumor microenvironment, thereby promoting tumor destruction. (14, 18) These findings have established that patients receiving PD-1 blockade therapy may benefit from immunological recovery. However, a new report has revealed that PD-1 is frequently expressed in melanoma cell lines and promotes melanoma growth even in the absence of an immune environment. (19) The specific mechanism involved in PD-1 regulation of tumor cell growth is not well understood.
Here, we report that HCC cell lines and clinical HCC tissues frequently contain cancer subpopulations overexpressing PD-1 and that PD-1 overexpression in HCC enhances HCC growth in the absence of an immunological environment. In contrast, PD-1 blockade and PD-1 knockdown (KD) in vitro and in vivo inhibit tumor growth independently of adaptive immunity. The major underlying mechanism is PD-1 binding to the downstream mammalian target of rapamycin (mTOR) effectors eukaryotic initiation factor 4E (eIF4E) and ribosomal protein S6 (RPS6), thereby promoting their phosphorylation. More importantly, mTOR inhibitors in combination with anti-PD-1 provide more durable and synergistic tumor regression than either single agent alone, each of which presents only modest efficacy.
Materials and Methods

HCC CELL LINES
Five HCC cell lines, MHCC97H, HCCLM3, Hep3B, SMMC7721, and Hepa1-6, were obtained from the Liver Cancer Institute, Fudan University, Shanghai, China. Cells were cultured in high-glucose Dulbecco's modified Eagle's medium (Gibco BRL, Grand Island, NY) supplemented with 10% fetal bovine serum (Gibco BRL) and 1% penicillin/ streptomycin (Gibco) and incubated in a humidified incubator containing 5% CO 2 at 378C.
CELL TRANSFECTION AND CLONE SELECTION
The Ubi-PD-1-3FLAG-SV40-EGFP-IRES-puromycin and hU6-PD-1-ubiquitin-EGFP-IRES-puromycin lentiviral vectors were constructed by GeneChem Co., Ltd. (Shanghai, China). The details are presented in the Supporting Information.
CLINICAL SPECIMENS AND FOLLOW-UP
Tumor specimens for tissue microarrays were collected from 264 HCC patients who underwent surgical resection from August 2001 to November 2007 in our institute. These patients were monitored after surgery until March 15, 2009 , in the Liver Surgery Department, Zhongshan Hospital, Fudan University, Shanghai, China. The Research Ethics Committee of Zhongshan Hospital approved the use of tumor tissues and human peripheral blood mononuclear cells, which were isolated from patient whole-blood samples using Ficoll-Paque density gradient centrifugation. Postsurgical patient follow-up was conducted as described. (20) Overall survival was defined as the time interval between resection and death or last follow-up. Disease-free survival was calculated from the date of resection to the date of tumor recurrence.
ANTIBODIES AND REAGENTS
The following monoclonal antibodies (mAbs) were used: anti-PD-1 (Abcam), anti-PD-L1 (Cell Signaling Technology), anti-4E binding protein 1 (4E-BP1; Cell Signaling Technology), anti-phospho-4E-BP1 (p-4E-BP1, at Thr37/46; Cell Signaling Technology), antieIF4E (Cell Signaling Technology), anti-p-eIF4E (at Ser209; Cell Signaling Technology), anti-p70 S6 kinase (S6K; Cell Signaling Technology), anti-p-p70 S6K (at Thr389), anti-RPS6 (or S6; Cell Signaling Technology), anti-p-S6 or anti-p-RPS6 (at Ser235/236; Cell Signaling Technology), anti-Flag (Cell Signaling Technology), anti-Ki67 (Abcam), anti-MNK1(Cell Signaling Technology), anti-MNK2 (Abcam), anti-CD45 (Thermo), cyclin D1 (Cell Signaling Technology), and anti-death receptor 4 (DR4; Cell Signaling Technology). The following reagents were used: antihuman PD-1, antimouse PD-1, antihuman PD-L1, and respective isotype control mAb (all from BioXcell), as well as INK128 (Selleck).
RNA ISOLATION, REVERSE-TRANSCRIPTION, AND REAL-TIME QUANTITATIVE RT-PCR
Total RNA was isolated from human liver cancer cell lines (Hep3B, SMMC7721, MHCC97H, and HCCLM3). Standard complementary DNA synthesis reactions were carried out using PrimeScript reversetranscriptase Master Mix (TaKaRa) according to the manufacturer's instructions. For quantitative RT-PCR analysis, reverse-transcribed products were amplified using SYBR Premix Ex Taq (TaKaRa). The following primers were used: human PDCD1 (gene accession no. NM_005018.2), 5-AAGGCGCAGATC AAAGA-GAGCC-3(forward) and 5-CAACCACCAGGG TTTGG AACTG-3(reverse); human b-actin, 5-CA CCATTGGCAATGAGCGGTTC-3 (forward) and 5-AGGTCTTTGCGGATGTCCACGT-3(reverse). PCRs were carried out in triplicate with the following conditions: 958C for 30 seconds, 35 cycles of 958C for 5 seconds, 608C for 15 seconds, and 728C for 10 seconds using the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, CA) and repeated three times. Relative mRNA levels were normalized to b-actin, and the relative expression of PD-1/PD-1 transcripts was analyzed using the 2 (2DDCt) value.
FLOW-CYTOMETRIC ANALYSIS
To assess the effects of PD-1-KD, PD-1 overexpression, and anti-PD-1 mAb blockade and INK128 on cell viability in vitro, SMMC7721 and HCCLM3 cells were treated with isotype control mAb, anti-PD-1 mAb, INK128, and anti-PD-1 in combination with INK128 for 48 hours. After treatment, the cells were harvested by trypsinization, washed twice with phosphate-buffered saline, and stained with annexin V and 7-aminoactinomycin D (BD Biosciences, Franklin Lakes, NJ). A BD FACSCalibur with CellQuest software (BD Bioscience, San Jose, CA) was used to perform flow-cytometric analysis of the stained cells.
WESTERN BLOT ANALYSIS
Total proteins extracted with cell lysis buffer from different HCC cell lines supplemented with protease inhibitors were separated using 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis and electrotransferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA). Membranes were incubated with the primary antibody after being blocked with 5% nonfat milk in trishydroxymethylaminomethane-buffered saline Tween 20. Protein expression was detected with Image Acquisition using ImageQuant LAS 4000 (GE Healthcare, Pittsburgh, PA).
were added to lysates with protein A/G beads. Samples were incubated overnight. The beads were collected by centrifugation, and this was followed by western blot analysis, in-gel digestion, and proteome analysis by liquid chromatography-tandem mass spectrometry. The details are described in the Supporting Information.
IMMUNOHISTOCHEMISTRY AND IMMUNOFLUORESCENCE
Immunohistochemical staining was performed using a two-step protocol (Novolink Polymer Detection System; Novocastra, Newcastle, UK) and a GTVision II Detection Kit with peroxidase/3,3 0 -diaminobenzidine. See more details in the Supporting Information.
PROLIFERATION ASSAY
For cell proliferation, 3,000 cells/well dispensed in 100-lL aliquots were seeded in a 96-well plate, and the viable cells were measured after 24, 48, and 72 hours according to the manufacturer's protocol. Cells were incubated in 10% Cell Counting Kit-8 (Dojindo Molecular Technologies, Gaithersburg, MD) diluted in normal culture medium for an additional 2 hours. Absorbance at a wavelength of 450 nm was used to estimate the viable cells in each well. For colony formation assays, 200 cells per well were seeded in six-well plates and cultured at 378C for 2 weeks. At the end of the incubation, the cells were fixed with 1% paraformaldehyde for 30 minutes and stained with 0.1% (w/v) crystal violet for 30 minutes. Cell colonies were counted using Image-Pro Plus 5.0 software (Media Cybernetics, Bethesda, MD). For drug treatment proliferation assays, cells were previously treated with the appropriate drug for 48 hours. INK128 (Selleck) was used at a concentration of 200 nM, and antihuman PD-1, antihuman PD-L1, and respective isotype control mAb (all from BioXcell) were used at a concentration of 50 lg/mL in cell-based assays.
MOUSE XENOGRAFT STUDY
Animal use was in accordance with the guidelines established by the Shanghai Medical Experimental Animal Care Commission. Experimental protocols were approved by the Zhongshan Hospital Research Ethics Committee. The details are presented in the Supporting Information.
STATISTICAL ANALYSIS
Statistical analyses were performed using SPSS 19.0 for Windows (SPSS Inc., Chicago, IL). Quantitative data of two groups were compared using Student t tests. Categorical data were analyzed using v 2 tests or Fisher's exact tests. Overall survival and disease-free survival rates were calculated by the Kaplan-Meier method, and differences were analyzed with log-rank tests. P < 0.05 was considered to be statistically significant.
Results
HCC CONTAINS PD-1-EXPRESSING CANCER SUBPOPULATIONS CORRELATED WITH POOR PROGNOSIS IN HCC PATIENTS
PD-1 expression was examined in MHCC97H, HCCLM3, Hep3B, SMMC7721, and Hepa1-6 liver cancer cells; immunoblot and RT-PCR analyses demonstrated that all examined liver cancer cells can express PD-1 (Fig. 1A,B) . Immunohistochemical double-labeling staining of a tissue microarray composed of primary tumors from 264 HCC patients confirmed PD-1 protein expression in liver cancer cells, which was different from CD45 , we found that the 1-year, 3-year, and 5-year survival rates in the PD-1 low patients were significantly higher than the survival rates in the PD-1 high group, with a mean overall survival of 22.0 versus 15.0 months (1-year survival, 69.3% versus 51.7%; 3-year survival, 33.6% versus 0%; and 5-year survival, 24% versus 0%, respectively; Fig. 1E ). Similarly, PD-1 low HCC patients, compared with PD-1 high patients, showed a substantial increase in disease-free survival, with disease-free survival of 10.0 versus 6.0 months (1-year disease-free survival rate, 43.5% versus 12.4%; 3-year disease-free survival rate, 16.7% versus 0%; and 5-year disease-free survival rate, 4.5% versus 0%, respectively; Fig.  1F ). These findings indicated a relationship between PD-1 and liver cancer. Thus, we next performed a functional study of the liver cancer cell-intrinsic PD-1 receptor.
HEPATOMA-EXPRESSED PD-1 PROMOTES LIVER CANCER GROWTH, WHICH REQUIRES ITS LIGAND, PD-L1
We generated stable PD-1 knockdown (PD-1 short hairpin RNA/PD-1 KD) and PD-1-overexpressing (PD-1 OE) HCCLM3 and SMMC7721 cell lines, which significantly block and increase PD-1 protein expression, respectively, compared with the expression in the controls ( Fig. 2A,B; Supporting Fig. S1B-D) . Cell Counting Kit -8 proliferation assays and clone formation assays showed that cell proliferation and the ability of clone formation were decreased in PD-1-KD HCCLM3 (Fig. 2D ,E,G) and SMMC7721 cells (Supporting Fig.  S1E ,F) compared with cells expressing the vector control. In contrast, the PD-1 overexpression group, compared with the control group, showed significantly increased proliferation and colony-forming ability of the SMMC7721 (Fig. 2C ,E,F) and HCCLM3 cells (Supporting Fig. S1E,F) . Because PD-1 expression is higher in HCCLM3 cells than SMMC7721 cells, we also compared the proliferation between HCCLM3 and SMMC7721 cells; the data showed that the proliferation of HCCLM3 was higher than that of SMMC7721 cells (Supporting Fig. S1A ). Flow-cytometric cell sorting was used to generate PD-1 1 /PD-1 2 liver cancer subpopulation labeling with PD-1 mAb. Flow-cytometric analyses showed that PD-1 1 tumor cell frequencies by SMMC7721 cells is 6.4 6 1.4% (mean 6 SEM) (Supporting Fig. S1G ). We also compared the tumorigenic ability between PD-1 1 and PD-1 2 sorted SMMC7721 cells and found that PD-1 1 subpopulations demonstrated stronger proliferation ability in vitro (Supporting Fig. S1H,I ) and increased growth in B-NSG mice compared to PD-1 2 cells (Supporting Fig. S1J ). To further explore the effect of PD-1 expression on liver cancer and tumor growth in vivo, we injected SMMC7721 and HCCLM3 cells transfected with lentiviral vectors into immunocompromised (T cell-deficient and B cell-deficient) nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice. The tumor sizes of the PD-1 OE group xenografts were significantly larger than those of the vector control xenografts (P < 0.001; Fig. 2H-J) , and the PD-1 short hairpin RNA group xenografts were smaller than the vector control xenografts (P < 0.001; Fig. 2K-M) . Moreover, we analyzed Ki67 as a proliferation marker and found that the proliferation rate increased in the PD-1 OE group xenografts compared with the vector control xenografts, whereas the proliferation rate of the PD-1 short hairpin RNA group xenografts was significantly decreased compared with that of the control group xenografts (Fig. 2I,K) . Thus, PD-1 KD inhibited and PD-1 overexpression increased tumor growth of liver cancer in NOD/SCID mice compared with the controls, thus suggesting that the roles of PD-1 in tumorigenesis are independent of lymphocytes.
We next examined whether hepatoma-expressed PD-1 promoting liver cancer growth require for its ligand, PD-L1. PD-L1 expression was examined in human MHCC97H, HCCLM3, Hep3B, and SMMC7721 liver cancer cells; immunoblot analysis demonstrated that all examined liver cancer cells can express PD-L1(Supporting Fig. S1K ). We treated PD-1 1 /PD-1 2 liver cancer subpopulations purified from SMMC7721 liver cancer cells with PD-L1 blocking antibody. We found that PD-L1 blockade inhibited cell proliferation in PD-1 1 liver cancer subpopulations compared to isotype control treatment, and the repression effect was not observed in PD-1 2 liver cancer cell isolates (Supporting Fig. S1L ). Additionally, we used antihuman PD-L1 to treat SMMC7721 cells and found that PD-L1 antibody impaired the proliferation of PD-1 OE SMMC7721 cells in vitro (Supporting Fig. S1M ). We also grafted SMMC7721 cells to B-NSG mice treated with PD-L1 blocking antibody. We found that PD-L1 blockade inhibited tumor growth compared to isotype control antibody treatment (Supporting Fig. S1N ). Together, these findings demonstrate that hepatoma-expressed PD-1 can promote liver cancer growth, which requires its ligand, PD-L1.
PD-1 ACTIVATES THE mTOR SIGNALING PATHWAYS AND PHYSICALLY ASSOCIATES WITH S6 AND eIF4E, THUS LEADING TO THEIR PHOSPHORYLATION IN HCC CELLS
To explore the molecular mechanism by which PD-1 contributes to HCC growth, we performed immunoprecipitation and liquid chromatography-tandem mass spectrometry analyses of HCC cells with stable overexpression of PD-1 or a vector control, to identify compositional differences in the protein complexes. PD-1-associated complexes were isolated from SMMC7721 cells using paramagnetic beads coated with the antiFlag mAbs. The mAb-coated beads recruited PD-1 and associated proteins in live cells, and the complexes were then extracted, purified, and analyzed by mass spectrometry.
Proteomic analysis identified 526 proteins with at least 99% confidence. There was overlap (185 proteins, 35%) among proteins identified in complexes associated with PD-1 overexpression and the vector control. There were also 341 proteins (65%) unique to complexes associated with PD-1 that were detected in the complexes of HCC cells with stable overexpression of PD-1 (Supporting Fig. S2A ). To determine the functions and pathways of unique proteins associated with PD-1 in this data set, enrichment statistics were calculated for the proteins assigned to the PD-1 clusters. The cancer and cell death and survival in the functional enrichment analysis (Supporting Fig. S2D ) and the regulation of eIF4 and p70S6K and mTOR signaling in the pathway enrichment analysis were ranked highest in the cluster of PD-1-enriched proteins on the basis of the P values (Supporting Fig. S2C ). We also found that S6 and eIF4E in the regulation of eIF4 and p70S6K as well as the mTOR signaling pathway can bind PD-1 (Supporting Fig. S2B ). Therefore, we hypothesized that PD-1 promotes tumor growth by physically associating with S6 and eIF4E and activating mTOR signaling pathways.
To test this hypothesis, we further validated the results with repeated immunoprecipitation followed by western blotting and immunofluorescence staining in HCC cells. Endogenous S6 and eIF4E were coimmunoprecipitated by the anti-Flag and anti-PD-1 antibody, whereas the Flag-tagged PD-1 and endogenous PD-1 were reciprocally coimmunoprecipitated by the anti-S6 and anti-eIF4E antibodies in PD-1 OE SMMC7721 and SMMC7721 cells (Fig. 3A,B) , respectively. Confocal microscopy demonstrated PD-1 localization at the cell membrane and in the cytoplasm and colocalization of PD-1 with S6 and eIF4E in HCC cells quantified by Pearson's correlation coefficient (Fig. 3C,D) . We also assessed the effect of PD-1 overexpression on S6 and eIF4E activity by examining the phosphorylation of S6 and eIF4E. The results showed that the phosphorylation of S6 and eIF4E was markedly enhanced in SMMC7721 cells transfected with PD-1 (Fig. 3E,G,H) without the changes in MNK1/2 and phosphorylation of 4E-BP1 and S6K (Fig. 3F) . Immunohistochemical examination of tumor samples revealed that the phosphorylation of S6 and eIF4E was markedly enhanced in SMMC7721 cells transfected with PD-1, whereas PD-1 KD dramatically suppressed S6 and eIF4E phosphorylation ( Fig. 3I,J,L,M) . These data demonstrated that PD-1 physically associates with S6 and eIF4E and modulates their phosphorylation.
It is well known that phosphorylated eIF4E enhances the expression of cyclin D1 by potentiating cyclin D1 mRNA nucleocytoplasmic transport. (21) Cyclin D1 expression at the G 1 /S boundary is necessary for entry into the cell cycle, leads to the augmentation of protein synthesis, (22) and is a potential driver in the pathogenesis of HCC.
(23) Therefore, we used cyclin D1 as a model transcript to monitor p-eIF4E activity. Western analysis indicated that cyclin D1 protein levels were increased in PD-1OE SMMC7721 cells in comparison to vector control (Fig. 3E) . These data indicate that there is a connection between PD-1 and cyclin D1 in cell proliferation and tumor progression through regulating p-eIF4E. Because rpS6 contributes to selective resistance to tumor necrosis factor-related apoptosis-inducing ligand through the expressional regulation of DR4 (TRAIL-RI, TNFRSF10A) in liver cancer cells, (24) we analyzed the expression levels of DR4 in PD-1OE SMMC7721 cells compared to vector control. Interestingly, western blotting elucidated that DR4 was down-regulated in PD-1OE SMMC7721 cells (Fig. 3E ). These observations raise the possibility that PD-1 may function to suppress tumor necrosis factor-related apoptosis-inducing ligandinduced apoptosis through the regulation of S6.
BLOCKADE OF PD-1 IN COMBINATION WITH A NEW mTOR INHIBITOR INHIBITS HCC GROWTH IN VITRO AND IN IMMUNODEFICIENT MICE
A new mTOR inhibitor, MLN0128 (also known as INK128), significantly inhibits the phosphorylation of the primary downstream mTOR effectors 4E-BP1 and p70S6K; this inhibition leads to binding of these effectors to eIF4E and S6, respectively, thus indirectly blocking the function of eIF4E and S6. We next examined whether antibody-mediated PD-1 blockade in combination with INK128 would inhibit tumor growth in vitro and in immunocompromised NOD/SCID mice.
Cell Counting Kit -8 proliferation assays and clone formation assays showed that anti-PD-1 1 INK128 treatment significantly reduced cell proliferation and clonality in SMMC7721 cells overexpressing PD-1 compared with the other groups (Fig. 4A-C) . In vivo, anti-PD-1 antibody administration alone to NOD/SCID mice caused only a slight suppression of tumor growth.
However, dramatic and more durable responses, compared with the responses to the control treatment, were observed when INK128 was combined with the anti-PD-1 antibody (Fig. 5A,B) ; however, the combination treatment, compared with the control treatment, did not induce significant cell death (Fig. 4D,E) . We also tested this therapy in immunocompetent C57BL/6 recipients bearing Hepa1-6 cells and found that antibody-mediated PD-1 blockade in combination with INK128 treatment can also inhibit tumor growth compared to controls for the entire duration of the experiment (Fig. 4F) . Then we constructed the PD-1OE Hepa1-6 cell line (Supporting Fig. S1B ) and administered anti-PD-1 antibody and INK128 to C57BL/6 grafted with PD-1OE versus vector control Hepa1-6 liver cancer cells. The results showed that anti-PD-1 antibody combined with INK128 treatment could reverse the increased tumor growth induced by PD-1OE compared to vector-control Hepa1-6 cells in C57BL/6 mice (Fig. 4G) .
Immunohistochemical analysis of tumor samples harvested at the experimental endpoint revealed that treatment with anti-PD-1 combined with INK128 significantly inhibited the phosphorylation of S6 and eIF4E compared with the phosphorylation in the other groups (Fig. 5C,E,F) , thus supporting the hypothesis that antibody-mediated PD-1 blockade in combination with INK128 effectively inhibits tumor growth by blocking the function of eIF4E and S6. In addition, evaluation of Ki67 expression in xenografts demonstrated that all treatments induced a significant decrease in tumor proliferation, and this phenomenon was more pronounced in the group with the combined treatment than in the monotherapy and control groups (Fig. 5C,D) . Together, these findings show that PD-1 blockade in combination with INK128 efficiently inhibits tumor progression by repressing the phosphorylation of S6 and eIF4E, including in the absence of adaptive immunity.
Discussion
In our study, we provided several insights into PD-1 pathway functions in HCC. PD-1 is predominantly expressed on immunocompetent cells of the hematopoietic lineage. (25) PD-L1, which is expressed on HCC cells, is significantly associated with tumor aggressiveness and postoperative recurrence in human HCC. (26) However, we found that HCC cell lines and tissue specimens from HCC patients frequently contained PD-1-expressing cancer cells. Immunoblot and immunohistochemical analyses revealed PD-1 expression in HCC cell lines and clinical tumor samples. Furthermore, we evaluated the prognostic value of HCC-expressing PD-1 in HCC patients. We made direct comparisons of prognosis between the PD-1 low and PD-1 high groups in tissue microarrays of 264 HCC patients. HCC patients with high PD-1 expression in tumors had increased tumor recurrence and unsatisfactory overall survival after curative resection for HCC. In contrast, HCC patients with low PD-1 had the best prognosis. In general, PD-1 expression in HCC subpopulations in clinical specimens appears to correlate with the prognosis of HCC patients; thus, the expression of PD-1 in tumors may be an independent predictor of overall survival and disease-free survival in HCC patients.
To date, the function of PD-1 has been mainly studied in T cells. (25) In the tumor microenvironment, PD-1 expression by CD8
1 tumor-infiltrating lymphocytes can lead to T-cell exhaustion/dysfunction in patients. (27) Our results showed that PD-1 expressed by HCC cells promotes tumor growth in vitro and in vivo, independently of the adaptive immune system, a result consistent with findings from previous reports on melanoma. (19) Functional assays showed that overexpression of PD-1 significantly enhanced the proliferation and tumor growth of HCC cells, whereas KD of PD-1 in the HCC cells markedly reduced the proliferation and tumor sizes in a xenograft model. Our results supported the hypothesis that PD-1 plays a crucial role in HCC progression. mTOR signaling pathways serve as a central node affecting gene translation and ultimately regulate cell proliferation and survival. (28) There are two parallel signaling pathways, eIF4E and p70S6K signaling, in the downstream mTOR pathways that are involved in translational control and independent regulation of cell growth and the cell cycle. (29) Our results from proteomic analysis and immunoprecipitation followed by western blotting and immunofluorescence staining further indicated that HCC-PD-1 physically associates with S6 and eIF4E and increases phosphorylation of S6 and eIF4E. The mTOR-regulated eIF4E binding proteins (4E-BPs) can compete with eukaryotic translation initiation factor 4G (eIF4G) for binding to Tumor growth kinetics (mean 6 SD) of different administered groups versus corresponding control in C57BL/6 mice subcutaneously implanted with PD-1 OE or vector-control Hepa1-6 cells. *P < 0.5; **P < 0.01; ***P < 0.001; #, not significant. Abbreviations: 7-AAD, 7-aminoactinomycin D; CCK8, Cell Counting Kit 8; NS, not significant; OD, optical density. eIF4E and phosphorylation of 4E-BPs residues results in eIF4E release. (30) eIF4E dissociation from 4E-BP1 allows formation of the translation initiation complex at the 5 0 ends of mRNAs and interacts with eIF4G. (31) In addition, human eIF4G can recruit Mnk1 to phosphorylate eIF4E, (32) but eIF4E phosphorylation does not completely rely on MNK1/2 activity and may also be regulated by either MNK1/2 binding to eIF4G or eIF4G binding to eIF4E. (33) S6K released from the translation initiation factor eIF3 complex (eIF3h and eIF3f) correlates with S6 phosphorylation, reducing its affinity with the complex and allowing it to phosphorylate downstream targets, RPS6.
(34) Therefore, we speculate that PD-1 binding with eIF4E and S6 may affect the affinity of 4E-BP1 with eIF4E, eIF4G with eIF4E, MNK1/2 with eIF4G or S6K with eIF3 complex, followed by the change in S6 and eIF4E phosphorylation. However, we still need more evidence to support this conjecture. The phosphorylation of eIF4E profoundly affects gene translation, cellular growth, and tumorigenic transformation. (35) The mTORdependent phosphorylation of p70S6K and S6 regulates mRNA translation, initiation, and elongation. (36) Conditional deletion of S6 in mouse hepatocytes suppresses cell proliferation after partial hepatectomy, (37) and knock-in mice whose rpS6 contains alanine substitutions at all five phosphorylated serine residues (rpS6P 2/2 ) exhibit growth defects. (38) Firstgeneration allosteric mTOR inhibitors, such as rapamycin, RAD001, and CCI-779, have been clinically tested as anticancer agents in multiple tumor types. (39) However, they have performed poorly in clinical trials against many human cancers, (40) presumably because they suppress phosphorylation of S6 but not 4E-BP1. (41) Complete inhibition of S6 and eIF4E, which play distinct roles and are both necessary for AKT/Ras hepatocarcinogenesis, is required to suppress liver cancer development. (42) INK128 significantly inhibits the phosphorylation of the primary downstream mTOR effectors 4E-BP1 and p70S6K, whereas rapamycin, an old allosteric mTOR inhibitor, blocks only p70S6K phosphorylation (43) and has only modest clinical activity against all tumor types. (40) INK128 displays antitumor effects in multiple myeloma, (44) non-small cell lung carcinoma, (45) and B-cell acute lymphoblastic leukemia (46) and antimetastatic activity in prostate cancer models. (43) Currently, MLN0128 is being tested in phase 1 clinical trials for advanced solid tumors and hematological malignancies (identifiers NCT01058707, NCT01351350, NCT01118689). In addition, according to the latest clinical data in 2017, PD-1 pathway inhibitors have shown promise in treating a wide variety of advanced cancer types, and a checkmate-040 dose-escalation study has indicated that the PD-1 pathway inhibitor nivolumab produces unprecedented response rates in advanced liver cancer. (47) However, only a minority of cancer patients exhibit clinical responses to checkpoint antibodies used alone. (48) Therefore, we hypothesized that blocking PD-1 and the downstream mTOR pathway may improve the antitumor efficacy. In our study, as expected, PD-1 checkpoint blockade in combination with INK128 resulted in decreased tumor growth compared with that in the respective controls. Indeed, recent results have confirmed that mTOR inhibitors similarly combined with PD-1 blockade demonstrate antitumor activity, (49) and complete blockade of the mTOR pathway with rapamycin and 4E-BP1A4 inhibits AKT/Ras hepatocarcinogenesis. (42) Moreover, mTOR inhibition reduces the percentage of CD4 1 and CD8 1 T lymphocytes expressing PD-1 receptor. (50) Therefore, a combination of therapies targeting the mTOR pathway with PD-1 inhibitors may be successful not only because the combination blocks the mTOR-associated tumor growth pathway but also because it may additionally influence PD-1 expression in different cells.
In general, PD-1 expressed by liver cancer cells promotes tumor growth through mTOR signaling in addition to its protumorigenic role in immune cells (Fig. 6) . Combination of anti-PD-1with INK128 may have tumor growth-inhibitory effects in vitro and in vivo. As immune checkpoint treatments begin to be applied widely in cancer patients, it is essential to understand the underlying mechanisms and combinations that have already been shown to be effective at improving the prognosis for patients with terminal cancer.
